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When a quantum system is driven adiabatically through a parametric cycle in a degenerate
Hilbert space, the state would acquire a non-Abelian geometric phase, which is stable and forms
the foundation for holonomic quantum computation (HQC). However, in the adiabatic limit, the
environmental decoherence becomes a significant source of errors. Recently, various non-adiabatic
HQC schemes have been proposed, but all at the price of increased sensitivity to control errors.
Alternatively, there exist theoretical proposals for speeding up HQC by the technique of “short-
cut to adiabaticity” (STA), but no experimental demonstration has been reported so far, as these
proprosals involve a complicated control of four energy levels simultaneously. Here we propose and
experimentally demonstrate that HQC via shortcut to adiabaticity can be constructed with only
three energy levels, using a superconducting qubit in a scalable architecture. With this scheme, all
holonomic single-qubit operations can be realized non-adiabatically through a single cycle of state
evolution. As a result, we are able to experimentally benchmark the stability of STA+HQC against
NHQC in the same platform. The flexibility and simplicity of our scheme makes it also imple-
mentable on other systems, such as nitrogen-vacancy center, quantum dots, and nuclear magnetic
resonance.
Introduction.–In quantum information processing, log-
ical operations are achieved by actively manipulating
quantum evolutions, which may be dynamical and/or ge-
ometrical in nature. In the latter case, as the system
Hamiltonian undergoes a cyclic evolution in a parameter
space, a geometric phase accumulates [1–5], which has
been demonstrated to be intrinsically resilient to certain
types of noises [6–8]. Therefore, it may be used to imple-
ment robust geometric quantum computation [9–17].
In particular, the non-commutativity nature of non-
Abelian geometric phases [2, 5] makes it suitable for im-
plementing quantum gates. Geometric quantum compu-
tation in this form is often referred as holonomic quan-
tum computation (HQC). Originally, geometric quantum
gates were constructed via adiabatic evolutions [10–13],
which require a long runtime to avoid transitions among
the instantaneous eigenstates of the Hamiltonian of in-
terest. To overcome such a problem, non-adiabatic HQC
schemes were proposed [16, 17], but they become sensi-
tive to systematic errors in the driving Hamiltonian [18].
On the other hand, the technique of “shortcut to adi-
abaticity” (STA) [19–22] represents an alternative ap-
proach to overcome the longrun time associated with adi-
abatic evolutions, which is realized by including an aux-
iliary term to the target Hamiltonian to “simulate” adia-
baticity. The working principle of STA has been demon-
strated experimentally in different platforms [23–30], in-
cluding fast quantum state transfer in cold atoms [23],
acceleration of Bose-Einstein condensate in an optical
lattice [24], rapid control of electron spins in nitrogen-
vacancy centers [25], and displacement of trapped ions
with minimal excitation [26]. In addition, experiments
have also confirmed the robustness of STA against dissi-
pation and errors [23, 27, 28].
Recently, STA-based techniques have been proposed
for realizing robust geometric quantum gates [31–34].
However, existing STA proposals involving non-Abelian
geometric phases require applying complicated pulses
sequences to simultaneously control four energy levels
(Fig. 1a), making them technologically challenging for
an experimental realization and exposing to potentially
more sources of control errors. Without a proper exper-
imental demonstration, the stability of STAHQC gates
against NHQC gates can hardly be justified.
Here we present a theoretical scheme to reduce the
complexity in achieving STA holonomic quantum com-
putation (STAHQC), involving the control of only three
energy levels instead of four (Fig. 1b); in this way, all
non-Abelian geometric single-qubit gates can be realized
in a single non-adiabatic cyclic evolution. Furthermore,
the control pulse can be designed beyond the constraints
imposed in non-adiabatic HQC (NHQC). Consequently,
we can achieve not only a better noise robustness against
control errors, but also the capability of pulse optimiza-
tion.
For the purpose of demonstration, we report an exper-
imental realization of our proposal using an Xmon su-
perconducting qutrit, which has a ladder Ξ energy struc-
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2ture (Fig. 1b,c). In the experiment, we constructed non-
commutative holonomic gates by varying three indepen-
dent control parameters to generate the SU(2) transfor-
mation group elements, following our STAHQC proposal.
The experimental results are in good agreement with our
numerical simulations, with both control and environ-
mental noise being taken into account. As a result, both
NHQC and STAHQC can now be compared within the
same experimental platform.
Before optimization, the performance of NHQC and
STAHQC are on par with each other; this is consis-
tent with the results of a recent experimental demon-
stration of non-adiabatic HQC using superconducting
qubits [35, 36]. However, for many gates, the approach in
Ref. [36] requires at least two cycles to implement, which
takes a longer time, making the system more susceptible
to environmental noise and control error. In addition, the
noise robustness of STAHQC can be further enhanced by
pulse optimization as shown in Fig. 2b-c (see Supplemen-
tary Material [37] for details). Overall, the advantage
of STAHQC over non-adiabatic HQC is expected to be
more significant as environmental noise and control error
become more prominent.
Finally, we leave our discussion in analyzing the effect
of environmental noise and imperfections in the Supple-
mentary Material [37], where we also present a complete
scheme for extending our approach to construct two-
qubit STAHQC gates with superconducting qubits, mak-
ing it possible to implement a universal set of STAHQC
gates.
Setting the stage.– Let us start with a three-level sys-
tem, where the ground state |g〉 and the second excited
state |f〉 are chosen as logic basis of a qubit, |0〉 ≡ |g〉
and |1〉 ≡ |f〉, and the first excited state |e〉 as an
auxiliary state. The system is driven by a pair of mi-
crowave pulses whose frequencies are detuned from ωge
or ωef by ∆(t), and have time-dependent amplitudes
Ω0(t) and Ω1(t), and phases φ0(t) and φ1(t) (see Fig.
1b). When the two-photon resonant condition is satis-
fied [22, 38–40], under the rotating-wave approximation,
the system Hamiltonian can be written as (with h¯ ≡ 1):
H0(t) =
∑1
i=0
1
2 (Ωi(t)e
iφi(t)|i〉〈e|+h.c.)+∆(t)|e〉〈e|. Let
us define a bright state, |b〉 ≡ sin( θ2 )eiφ|0〉 + cos( θ2 )|1〉,
where φ ≡ φ0(t)−φ1(t) and tan(θ/2) ≡ Ω0(t)/Ω1(t). We
shall keep θ and φ, hence |b〉 to be time independent. The
above Hamiltonian can then be expressed as:
H0(t) =
1
2
(Ω(t)eiφ1(t)|b〉〈e|+ h.c.) + ∆(t)|e〉〈e| (1)
where Ω(t) ≡ √Ω0(t)2 + Ω1(t)2 is the Rabi fre-
quency of H0(t). The instantaneous eigenstates of
H0(t) are |E0〉 ≡ |d〉 = cos( θ2 )eiφ|0〉 − sin( θ2 )|1〉,
|E+(t)〉 = sinϕ(t)|b〉+ cosϕ(t)e−iφ1(t)|e〉, and |E−(t)〉 =
cosϕ(t)|b〉 − sinϕ(t)e−iφ1(t)|e〉, where ϕ(t) is defined
by tan(2ϕ(t)) = Ω(t)/∆(t). Note that while the
two microwave pulses used for control can be fully
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FIG. 1. Scheme of holomonic quantum computation and
qubit structure. a. Coupling scheme of four-level system for
non-adiabatic HQC in Ref. [11–13]. Three pulses couple the ground
states |0〉,|1〉 and |2〉 to the excited state |e〉, and ∆ is the detun-
ing. b. STAHQC scheme using three levels of an Xmon qutrit
with a single-photon detuning ∆ as proposed in this work. Two
pulses with Rabi frequencies of Ω0(t) and Ω1(t) are used. c. The
Xmon qutrit used in our experiment. Microwave control pulses
are imported to the qutrit from the XY control line. The qutrit
is dipersively coupled to a λ/4 resonator for readout, so its state
can be inferred from the transmission line output signal S21. More
details about the sample can be found in Ref. [42]. d. Elimination
of accumulated dynamical phase in our STAHQC gates with two
steps using a spin echo pulse.
specified by their amplitudes (Ω0(t),Ω1(t)) and phases
(φ0(t), φ1(t)), the equivalent set of control parameters,
namely (θ, φ, φ1(t), ϕ(t)), would be more convenient for
our discussion below.
STA-based holonomic gates.–The essential idea of
STA [19] is to include an auxiliary term Ha(t) to the
Hamiltonian, HSTA(t) = H0(t) + Ha(t), such that the
temporal dynamics of HSTA(t) is equivalent to adiabatic
evolutions of H0(t). Specifically, for each eigenstate
|Ek (0)〉 of H0(0), one has T e−i
∫ T
0
HSTA(t)dt |Ek (0)〉 =
e−i
∫ T
0
Ek(t)dt−
∫ T
0
〈Ek(t) |E˙k(t)〉dt |Ek (T )〉, where for a
cyclic evolution, |Ek (T )〉 = |Ek (0)〉. Here
∫ T
0
Ek (t) dt
is the dynamic phase, and i
∫ T
0
〈Ek (t)|E˙k (t)〉dt is the
geometric phase. For our case, the following auxiliary
Hamiltonian, Ha(t) = i ϕ˙(t) e
iφ1(t) |b〉〈e| + h.c., first ob-
tained in Ref. [20], is employed to construct our 3-level
STAHQC gates.
Now, let us consider a cyclic evolution of H0(t) from
t = 0 to t = T . During this interval, the eigenstates
are varied in a cyclic fashion, which requires that ϕ (0) =
ϕ (T ) = 0. Additionally, we impose another constraint at
the middle, namely ϕ (T/2) = pi/2, but ϕ(t) can be varied
arbitrarily at other times. In this way, the eigenstate
|E−(t)〉 evolves from |E−(0)〉 = |b〉 to |E−(T/2)〉 = |e〉,
and back to |E−(T )〉 = |b〉. On the other hand, the
phase φ1(t) is varied in the following way: φ1(t) = γ1 for
0 ≤ t ≤ T/2, and φ1(t) = γ2 for T/2 < t ≤ T , where γ1
and γ2 are different constants.
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FIG. 2. Evolution of bright state and robustness of holo-
nomic gates. a. A holonomic Z gate realized by setting θ = pi,
φ = 0, and γ = pi. In this case, the initial state is the bright
state: |0〉 = |b〉. It acquires a geometric phase of γ = pi during the
gate operation. Experimental results (dot) fit well with numerical
simulations (solid lines). b (experiment) and c (theory): perfor-
mance of an X gate with control errors for various HQC schemes.
Theoretical results are obtained using master-equation numerical
simulation. α represents magnitude of the control error.
As a result, the geometric phase resulted from such a
cyclic evolution, γ ≡ i ∫ T
0
〈E− (t)| E˙− (t)〉dt, is given by
γ = γ1−γ2. Note that a dynamic phase also accumulates
during the evolution, but it can be eliminated with a spin-
echo pulse, i.e, a pi-phase shift of the microwave applied
halfway (t = T/2) of the control sequence (Fig. 1d; see
also the experimental section for details). Furthemore,
the dark state |d〉 is always decoupled from the system,
as H0 (t) |d〉 = 0.
Consequently, in the subspace spanned by the two
states of |E0〉 = |d〉 = cos( θ2 )eiφ|0〉 − sin( θ2 )|1〉, and
|E− (0)〉 = |b〉 = sin( θ2 )eiφ|0〉 + cos( θ2 )|1〉, the holonomy
matrix associated with the above cyclic evolution is given
by U = |d〉 〈d|+ e−iγ |b〉 〈b|, which is non-diagonal in the
computational basis {|0〉, |1〉},
U(θ, φ, γ) = ei
γ
2
(
cγ/2 − isγ/2cθ −isγ/2sθeiφ
−isγ/2sθe−iφ cγ/2 + isγ/2cθ
)
,
(2)
where cx ≡ cosx and sx ≡ sinx. Alternatively,
with n = (sin θ cosφ, sin θ sinφ, cos θ), we can also write
U(θ, φ, γ) = ei
γ
2 e−i
γ
2 n·σ, which describes a rotation
around the n axis by a γ angle, up to a global phase
of e−i
γ
2 . Since n and γ can be set to any desired val-
ues, U can be utilized to construct arbitrary geometric
single-qubit gates.
Experimental results and analysis.–The three energy
levels of our Xmon qutrit are characterized by, ωge/2pi =
5.665 GHz, and ωef/2pi = 5.417 GHz. The relaxation
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FIG. 3. Tunable parameters for STAHQC gates. a. Gates
with variable θ for an initial state of |0〉. b. Gates with variable φ
for an initial state of (|0〉 + |1〉)/√2. c. Gates with variable γ for
an initial state of |0〉. Dots and lines are experimental data and
numerical simulation, respectively.
and dephasing times of the first and second excited states
are T e1 = 29 µs, T
f
1 = 9 µs, T
ge
2 = 5.9 µs, and T
ef
2 = 5.8
µs, respectively. Level spacing of the qutrit can be fine
tuned by a bias current on the Z control line. The con-
trol microwave pulses are applied to the qutrit through
the XY control line. The qutrit is capacitively coupled
to a λ/4 resonator (ωr/2pi = 6.509 GHz) with a cou-
pling strength of gr/2pi = 41.3 MHz, which is in turn
coupled to a transmission line. In the dispersive readout
scheme [41], the state of the qutrit can be deduced by
measuring the transmission coefficient S21 of the trans-
mission line. More details about the sample can be found
in Ref. [42].
We perform a set of gate operations with the following
Rabi frequency and detuning: (i) for 0 ≤ t ≤ T/2, Ω(t) =
Ωa sin(
2pit
T ) and ∆(t) = Ωa cos(
2pit
T ); (ii) for T/2 < t ≤ T ,
Ω(t) = −Ωa sin( 2pitT ) and ∆(t) = −Ωa cos( 2pitT ) with Ωa =
2pi × 2 MHz. With such a choice, the dynamic phases
accumulated during 0 ≤ t ≤ T/2 and T/2 ≤ t ≤ T
cancel each other (Fig. 1d). As a consequence, we are
able to realize arbitrary geometrical single-qubit gate by
varying the control parameters (θ,φ,γ).
In the first part, we verify the behavior of bright state.
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FIG. 4. Process tomography of holonomic gates. a. Sequence for process tomography. b-e. Experimental results (colored solid
bars) and numerical simulations (black frames) of the tomography matrix χ for X (b, (θ, φ, γ) = (pi/2, 0, pi)), H (c, (θ, φ, γ) = (pi/4, 0, pi)),
and X(pi
2
) (d and e, (θ, φ, γ) = (pi/2, 0, pi/2)) gates, respectively. g and f : diagonal and off-diagonal elements of the density matrix for
an STAHQC X gate, with (solid lines) and without (dashed lines) of dynamical contribution (DC) of higher energy levels of Xmon. The
qubit is initialized into |0〉.
The qubit is initialized to the ground state |0〉. For the
realization of a Z gate, where we set θ = pi, φ = 0, γ = pi,
the ground state is the bright state, i.e., |b〉 = |0〉. It
thus follows the evolution of |E− (t)〉 without transition
to other states (see Fig. 2a).
To demonstrate that an arbitrary SU(2) transforma-
tion can be achieved using our method, we experimen-
tally verify that all three parameters, θ, φ, and γ, can
be varied continuously and independently. We first ap-
ply the following gate, U(θ, φ = 0, γ = pi), to an initial
state of |0〉, and investigate the final state as a function
of θ, i.e., U(θ, 0, pi)|0〉 = cos(θ/2)|0〉 + sin(θ/2)|1〉. This
gate operation corresponds to a rotation along the axis
n = (sin θ, 0, cos θ) by an angle of γ = pi (see Fig. 3a).
Next, we apply the gate U(pi/2, φ, pi/2) to an initial state
of (|0〉+ |1〉)/√2, which corresponds to a rotation along
the axis n = (cosφ, sinφ, 0) by an angle of pi/2, as shown
in Fig. 3b. Finally, we demonstrate that the geometric
phase γ is also continuously tunable by applying the gate
U(pi/2, 0, γ) to an initial state of |0〉. This gate operation
is essentially a rotation along the x-axis by an angle of
γ, as plotted in Fig. 3c.
Overall, the fidelity of the quantum gate is charac-
terized by quantum process tomography. Since our STA
scheme can generate arbitrary single-qubit gates, we may
use them throughout the complete process tomography,
including (i) initial-state preparation, (ii) quantum-gate
implementation, as well as (iii) final-state rotation for
state tomography. For example, Fig. 4a shows the se-
quence of quantum process tomography using the fol-
lowing set of gates, I, X(pi/2), H, and X, to generate
four initial states, |0〉, (|0〉 + i|1〉)/√2, (|0〉 + |1〉)/√2,
and |1〉, and investigate fidelity of the gates X, H, and
X(pi/2). The experimental results are shown in Fig. 4b-
e. The process fidelities for X, H, and X(pi/2) are
FX = 96.6 ± 0.8%, FH = 97.6 ± 1.0%, and FX(pi2 ) =
96.4 ± 1.0%, respectively. Numerical simulations using
a master equation method, taking into account of dissi-
pation, give fidelities of FX = 98.4%, FH = 98.4%, and
FX(pi2 ) = 97.8%, which are in good agreement with the
experimental results. The major sources of error include
dynamical contribution from higher energy levels, deco-
herence, and control pulse errors (see Ref. [37]), shown in
Fig. 4g,f. In principle, the dynamical contribution from
higher energy levels can be much suppressed by using
highly nonlinear systems such as flux qubits, whereas
the decoherence issue can be improved by using qubits
with longer T1 and T2 times. As for the effect of con-
trol pulse error, in the Supplementary Material [37] we
specifically show, both numerically and experimentally,
that our STAHQC gates exhibit a better robustness than
NHQC.
In summary, we have proposed and experimentally
demonstrated single-looped holonomic gates based on the
technique of shortcut to adiabaticity, which is robust
against control errors and environmental noise [23, 27,
38]. Our STAHQC approach is compatible with other
optimization methods [43–45] for further enhancement
of gate fidelity. Moreover, it can be extended to con-
struct two-qubit holonomic gates to realize a univer-
5sal STAHQC gate set, as we explicitly present how to
construct a two-qubit
√
SWAP gate in the Supplemen-
tary Material [37]. This method should also be of inter-
est to other platforms such as nitrogen-vacancy centers,
trapped ions, quantum dots, and nuclear magnetic reso-
nance, etc.
Note added– After this work was completed, the the-
oretical idea related to STAHQC had been largely ex-
panded [46] by some of the current authors. Further-
more, a recent experiment has been reported demon-
strating an improvement on NHQC [47]. However, the
sensitivity to systematic noise has not been improved.
This work was supported by Natural Science Foun-
dation of Guangdong Province (2017B030308003),
the Guangdong Innovative and Entrepreneurial Re-
search Team Program (No.2016ZT06D348), and the
Science Technology and Innovation Commission of
Shenzhen Municipality (ZDSYS20170303165926217,
JCYJ20170412152620376). We particularly thank Prof.
Haohua Wang at Zhejiang University, where all the
experimental data were taken, for providing access
to the experimental facilities, as well as his valuable
discussions and comments on the manuscript.
∗ T.-X. Y. and B.-J. L. contributed equally to this work.
† yung@sustc.edu.cn
‡ chenyz@sustc.edu.cn
[1] M. V. Berry, Proc. R. Soc. Lond. A 392, 45 (1984).
[2] F. Wilczek and A. Zee, Phys. Rev. Lett. 52, 2111 (1984).
[3] Y. Aharonov and J. Anandan, Phys. Rev. Lett. 58, 1593
(1987).
[4] J. Anandan, Phys. Lett. A 133, 171 (1988).
[5] P. Zanardi and M. Rasetti, Phys. Lett. A 264, 94 (1999).
[6] M. Johansson, E. Sjo¨qvist, L. M. Andersson, M. Ericsson,
B. Hessmo, K. Singh, and D. M. Tong, Phys. Rev. A 86,
062322 (2012).
[7] S. Berger, M. Pechal, A. A. Abdumalikov, C. Eichler,
L.Steffen, A. Fedorov, A. Wallraff, and S. Filipp, Phys.
Rev. A 87, 060303 (2013).
[8] C. G. Yale, F. J. Heremans, B. B. Zhou, A. Auer, G.
Burkard, and D. D. Awschalom, Nat. Photonics 10, 184
(2016).
[9] J. A. Jones, V. Vedral, A. Ekert, and G. Castagnoli, Na-
ture (London) 403, 869 (1999).
[10] G. Falci, R. Fazio, G. M. Palma, J. Siewert, and V. Ve-
dral, Nature (London) 407, 355 (2000).
[11] L. M. Duan, J. I. Cirac, and P. Zoller, Science 292, 1695
(2001).
[12] D. Mller, L. B. Madsen, and K. Mlmer, Phys. Rev. A 75,
062302 (2007).
[13] G. Higgins, F. Pokorny, C. Zhang, Q. Bodart, and M.
Hennrich, Phys. Rev. Lett. 119, 220501 (2017).
[14] Wang X. B and M. Keiji, Phys. Rev. Lett. 87, 097901
(2001).
[15] S. L. Zhu and Z. D. Wang, Phys. Rev. Lett. 89, 097902
(2002).
[16] E. Sjo¨qvist, D. M. Tong, L. Mauritz Andersson, B. Hes-
smo, M. Johansson, and K. Singh, New J. Phys. 14,
103035 (2012).
[17] G. F. Xu, J. Zhang, D. M. Tong, E. Sjo¨qvist, and L. C.
Kwek, Phys. Rev. Lett. 109, 170501 (2012).
[18] S. B. Zheng, C. P. Yang, and F. Nori, Phys. Rev. A 93,
032313 (2016).
[19] M. V. Berry, J. Phys. A 42, 365303 (2009).
[20] X. Chen, I. Lizuain, A. Ruschhaupt, D. Gury-Odelin, and
J. G. Muga, Phys. Rev. Lett. 105, 123003 (2010).
[21] A. del Campo, Phys. Rev. Lett. 111, 100502 (2013).
[22] L. Giannelli and E. Arimondo, Phys. Rev. A 89, 033419
(2014).
[23] Y. X. Du, Z. T. Liang, Y. C. Li, X. X. Yue, Q. X. Lv, W.
Huang, X. Chen, H. Yan, and S. L. Zhu, Nat. Commun.
7, 12479 (2016).
[24] M. G. Bason, M. Viteau, N. Malossi, P. Huillery, E. Ari-
mondo, D. Ciampini, R. Fazio, V. Giovannetti, R. Man-
nella, and O, Morsch, Nature Phys. 8, 147 (2012).
[25] J. Zhang, J. H. Shim, I. Niemeyer, T. Taniguchi, T. Ter-
aji, H. Abe, S. Onoda, T. Yamamoto, T. Ohshima, J.
Isoya, and D. Suter, Phys. Rev. Lett. 110, 240501 (2013).
[26] S. An, J. N. Zhang, M. Um, D. Lv, Y. Lu, J. Zhang,
Z. Q. Yin, H. T. Quan, and K. Kim, Nat. Phys. 11, 193
(2015).
[27] B. B. Zhou, A. Baksic, H. Ribeiro, C. G. Yale, F. J. Here-
mans, P. C. Jerger, A. Auer, G. Burkard, A. A. Clerk,
and D. D. Awschalom, Nat. Phys. 13, 330 (2017).
[28] Z. Zhang, T. Wang, L. Xiang, J. Yao, J. Wu, and Y. Yin,
Phys. Rev.A 95, 042345 (2017).
[29] A. Vepsa¨la¨inen S. Danilin, S. Paraoanu, ArXiv e-prints
(2018), 1709.03731.
[30] C. K. Hu, J.-M. Cui, A. C. Santos, Y.-F. Huang, M. S.
Sarandy, C.-F. Li, and G.-C. Guo, ArXiv e-prints (2018),
1803.10410.
[31] J. Zhang, T. H. Kyaw, D. M. Tong, E. Sjo¨qvist, and L.
C. Kwek, Sci. Rep. 5, 18414 (2015).
[32] Z. T. Liang, X. X. Yue, Q. X. Lv, Y. X. Du, W. Huang,
H. Yan, and S. L. Zhu, Phys. Rev. A 93, 040305 (2016).
[33] X. K. Song, H. Zhang, Q. Ai, J. Qiu, and F. G. Deng,
New J. Phys. 18, 023001 (2016).
[34] B.-J. Liu, Z. H. Huang, Z. Y. Xue, and X. D. Zhang,
Phys. Rev. A 95, 062308 (2017).
[35] For example, comparing the construction of the
Hadamard gate, the gate fidelity of Ref. [36] using non-
adiabatic HQC is 95.4± 0.6%, while the gate fidelity us-
ing unoptimized STAHQC in our work is 97.6±1%, even
though our qubit has a weaker anharmonicity.
[36] A. A. Abdumalikov, J. M. Fink, K. Juliusson, M. Pechal,
S. Berger, A. Wallraff, and S. Filipp, Nature 496, 482
(2013).
[37] Supplementary Material.
[38] X. Chen and J. G. Muga, Phys. Rev.A 86, 033405 (2012).
[39] K. S. Kumar, A. Vepsalainen, S. Danilin, and G. S.
Paraoanu, Nat. Commun. 7, 10628 (2016).
[40] H. K. Xu, C. Song, W. Y. Liu, G. M. Xue, F. F. Su, H.
Deng, Y. Tian, D. N. Zheng, Siyuan Han, Y. P. Zhong,
H. Wang, Y.-x. Liu, and S. P. Zhao, Nat. Commun. 7,
11018 (2016).
[41] E. Jeffrey, D. Sank, J. Y. Mutus, T. C. White, J. Kelly,
R. Barends, Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth,
A. Megrant, P. J. J. OMalley, C. Neill, P. Roushan, A.
Vainsencher, J. Wenner, A. N. Cleland, and John M.
Martinis, Phys. Rev. Lett. 112, 190504 (2014).
[42] C. Song, K. Xu, W. Liu, C.-p. Yang, S.-B. Zheng, H.
6Deng, Q. Xie, K. Huang, Q. Guo, L. Zhang, P. Zhang,
D. Xu, D. Zheng, X. Zhu, H. Wang, Y.-A. Chen, C.-Y.
Lu, S. Han, and J.-W. Pan, Phys. Rev. Lett. 119, 180511
(2017).
[43] D. Daems, A. Ruschhaupt, D. Sugny, and S. Gue´rin,
Phys. Rev. Lett. 111, 050404 (2013)
[44] Z.-P. Hong, B.-J. Liu, J.-Q. Cai, X.-D. Zhang, Y. Hu,
Z. D. Wang, and Z.-Y. Xue, Phys. Rev. A 97, 022332
(2018).
[45] D. J. Egger, M. Ganzhorn, G. Salis, A. Fuhrer, P.
Mueller, P. K. Barkoutsos, N. Moll, I. Tavernelli, and
S. Filipp, ArXiv e-prints (2018), 1804.04900.
[46] B.-J. Liu, X.-K. Song, Z.-Y. Xue, X. Wang, M.-H. Yung,
ArXiv e-prints (2018), 1806.07904.
[47] Y. Xu, W. Cai, Y. Ma, X. Mu, L. Hu, Tao Chen, H.
Wang, Y.P. Song, Z.-Y. Xue, Z.-q. Yin, L. Sun, ArXiv
e-prints (2018), 1804.07591.
